Background. The risk of individuals infected with human immunodeficiency virus (HIV)-1 developing tuberculosis (TB) is high, while both prognostic and diagnostic tools remain insensitive. The potential for plasma biomarkers to predict which HIV-1infected individuals are likely to progress to active disease is unknown.
spectrum of biomarkers in plasma would enhance the risk stratification of infected individuals, as studies assessing biomarkers other than interferon (IFN)-γ to predict active disease or potential benefits from IPT are lacking. There is an urgent need for tests that can distinguish prevalent TB from LTBI, as the fear of treating TB with IPT monotherapy is a major barrier to IPT implementation.
Here, we investigated the predictive performance of 13 preselected analytes determined from QuantiFERON Gold in-tube (QFT) plasma samples from HIV-1-infected persons screened for the ART-IPT Study. Patients were grouped into those with prevalent (active) TB that were screened out prior to RCT randomization; those who developed TB either after randomization or during the longitudinal follow-up (incident TB); and those who did not develop TB (controls). Analytes ( Supplementary Table S1 ) were selected for their relevance in active TB and LTBI based on the available literature at the time of the study design, with the hypothesis that those biomarkers that are elevated at baseline in patients who either go on to have active TB (and thus should not start IPT) or go on to develop TB during longitudinal follow-up could be potential biomarkers predictive of TB.
METHODS

Study Design and Participants
This study was conducted within the screening and follow-up of a previously-reported, randomized, controlled trial [8] . Briefly, a pragmatic, individually-randomized, double-blind, placebo-controlled trial of IPT in adults with HIV-1 infection was conducted between 31 January 2008 and 31 September 2011. Patients were prescribed, or commencing, ART at the Ubuntu clinic in Khayelitsha, South Africa. Ethical approval was obtained from the University of Cape Town Faculty of Health Sciences Human Research Ethics Committee both for the trial (REC/REF: 013/2007) and for the laboratory sub-study (REC/ REF: 245/2009). Written consent or a thumb-print was required from all participants prior to screening. A total of 421 persons were included in this analysis, based on IGRA sample availability at screening, and included 51 individuals who developed clinically-or microbiologically-confirmed TB during the 4-year duration of the study (incident TB). Prevalent TB (defined as sputum-culture positive) was identified in 87 individuals at the time of randomization (when culture results became available), who were referred for treatment, rendering them ineligible for the RCT. There were 283 controls with IGRA samples available and no signs or symptoms of TB during the duration of the follow-up (median duration of follow-up in the main study was 2.5 years), who were randomly chosen just before and just after the incident and prevalent cases in the order of recruitment. All samples used in the current analyses were collected before randomization.
Definition of Tuberculosis Diagnoses
Cases labelled as prior TB had a previous treatment history that included diagnosis and treatment for active TB in a healthcare facility. There is no routine LTBI diagnosis in South Africa using either TST or IGRA, thus all cases labelled as prior TB had previously-treated, active TB. Where incident or prevalent TB was not microbiologically confirmed, TB was diagnosed clinically with a combination of symptoms and a chest X-ray.
Tuberculin Skin Testing and Interferon Gamma Release Assays
The TST (2 TU RT23 purified-protein derivative, Statens Serum Institut, Copenhagen, Denmark) was administered on the volar aspect of the left forearm by personnel trained in its administration. The TST induration was recorded after 48-72 h by the ballpoint pen and ruler method. Phlebotomy for IGRA (QuantiFERON Gold-in-tube, Qiagen) was performed on the same day that the TST was administered and the blood draw preceded the placement of the purified-protein derivative. The IGRA were performed in a Qiagen-accredited laboratory and interpreted according to the manufacturer's guidelines. Laboratory personnel were blinded to TST results and TB symptoms, signs, and culture results, while clinicians were blinded to IGRA results.
Luminex Multiplex Assay for Cytokines and Chemokines
QFT plasma samples from unstimulated (Nil) and TB-specific, antigen-stimulated (Ag) tubes were stored at -80 o C until batched analyses for the analytes listed in Supplementary Table 1 . Undiluted (Ag and Nil) QFT plasma samples were assayed on 11 plates using customized MilliplexTM kits (Millipore, St Charles, MO) on the Bio-Plex platform (Bio-Rad Laboratories, Hercules, CA). The upper limit of detection for all analytes was 10 000 pg/ml, while the mean lower limit of detection from the 11 plates was as follows (all in pg/ml): epidermal growth factor (EGF), 8; IFN-α2, 6; interleukin (IL)-1α, 3; C-X-C motif chemokine 10 (CXCL10), 10; chemokine (C-C motif) ligand (CCL) 3, 7; CCL4, 3; soluble CD40 ligand (sCD40L), 16; transforming growth factor-α (TGF-α), 3; tumor necrosis factor (TNF)-α, 3; vascular endothelial growth factor (VEGF), 205; IFN-γ, 3; IL-2, 3; and IL-10, 3.
Statistical Analysis
Raw out-of-range values were adjusted, by replacing all outof-range values lower than the lowest detectable value with 0 (1027 instances) and replacing all out-of-range values higher than the highest detectable value with 10 000 pg/mL (top standard, 13 instances) and adding the mean limit of detection per analyte to all plates. Results are presented for unstimulated (Nil) and stimulated-nil (Ag-Nil) values. Analyte values are nearly always presented in a log2-transformed scale as log2 pg/ml. Subgroups for analysis included the incident TB group, prevalent TB group, control group, and the combined incident and prevalent TB groups (TB-combined). Frequency (percent) or median (inter-quartile range) were calculated by group for discrete and continuous values, respectively. Sensitivity analyses were undertaken using the subgroup of culture-confirmed incident TB cases, the subgroup randomized to placebo, and the subgroup of prevalent TB cases who were smear-negative at baseline (smear-negative). The statistical tests used to compare groups were the Fisher's exact test and Wilcoxon rank sum test, as appropriate. Throughout, a nominal threshold for statistical significance was set at α = .05, and false discovery rate correction (FDR) by Benjamini-Hochberg [9] was applied. These values are reported as P corrected. Data visualization was used to clarify differences between and within groups. A weighted correlation network analysis was carried out on the nil and background-corrected analyte levels, stratified by TB status, and presented with correlation diagrams.
Correlations were estimated using Pearson's correlation of the log2-transformed data.
Supervised learning models were applied to the data to predict class membership (eg, incident vs prevalent TB) in 2-way classifications. In all cases, analyte values were centered and scaled prior to input and all models were carried out with 10-fold cross-validation resampling to estimate classification accuracy. Sampling was further stratified by down-sampling to ensure balanced class representations in the re-samples. Training for the prediction models utilized a grid approach over model parameters with a specified grid length. A variable importance score, calculated as a scaled beta coefficient, was used as the primary means of determining an individual analyte's impact on the classification outcome. The classification learners assessed included random forests to set a performance ceiling [10] and elastic-net regularization (glmnet) [11] for a potentially interpretable and applicable model. Models were selected on the basis of the largest minimum unbiased area under the curve (AUC) estimate. Lists of analytes and associated variable importance scores are presented. Receiver-operator curves were generated using the predicted vs observed classifications for each independent model and were graphed. Additional detailed methods are available in the online Supplementary Material.
RESULTS
A total of 421 individuals were included in the analysis, with a median of 61 weeks (interquartile range, 28-91) to the onset of TB in the incident group. Characteristics did not vary between the parent screening population and the analysis sample ( Supplementary Table S2 ). Between-group characteristics were similar for basic demographics and show expected differences for TB disease-related measures that were used as part of the screening or group definition in the RCT, with higher rates of symptoms, QFT, and/or TST positivity in the incident TB and prevalent TB groups than in the control group (Table 1) . The proportion with previously-treated, active TB was higher in the control group compared to the TB-combined, incident TB, and prevalent TB groups (48% vs 35%, 41% and 32%, respectively; overall P = .028), and a higher proportion of the controls had previous exposure to ART. The control group also had a lower proportion of individuals with cluster of differentiation (CD) 4 <200 copies/mL compared to the TB-combined group (40% vs 61%, respectively; overall P < .001). In the incident TB group, 37% (19/51) were confirmed as culture positive during follow-up; those not culture-confirmed were diagnosed clinically (symptoms and a chest X-ray), due to the diagnosis occurring at a site other than the study site.
Analytes From Unstimulated Samples
Analyte concentrations from unstimulated samples were higher in the incident and prevalent TB groups compared to the control group (Table 2, Figure 1 , and Supplementary Figure S1 ). CXCL10, IL-2, and TGF-alpha were highest in the prevalent TB group. CCL4, IFN-alpha2, IFN-gamma, IL-10, and TNF were highest in the incident TB group; although not markedly higher than values seen in the prevalent TB group, the trend may indicate underlying inflammatory processes leading to TB risk. EGF, IL-1α, and CD40L were highest in the control group. A comparison between the control and prevalent TB groups showed that the largest group differences (>50% median difference, Figure 2 ) were in analytes CXCL10
and IL-2 (highest in prevalent), IL-1α (highest in control), and VEGF (lowest in incident). A statistical comparison between groups indicated CXCL10, IFN-γ, IL-2, and TGF-α remained statistically significant, both after FDR correction ( Table 3 , P corrected < 0.05) when comparing the control and prevalent TB groups and with the addition of IFN-α2 when comparing the control and TB-combined groups. No analytes remained statistically significant when comparing the control and incident TB groups after FDR correction, and only IL-2 remained significant when comparing the prevalent TB with incident TB groups (Table 3) .
Analytes From Stimulated Samples Corrected for Background
A number of analytes had higher unstimulated concentrations, so background correction could result in negative median (Ag-nil) differences (most notably TNF, IL-1α, IL-10, EGF, and CCL3; Table 2 , Table 3 , and Supplementary Figure S2 ). In the control vs prevalent TB and control vs TB-combined group comparisons, CXCL10, IFN-γ, and IL-2 remained statistically significant after FDR correction. CXCL10 also remained significantly different in the control vs incident TB group comparison; however, no analyte remained significant for (Ag-Nil) after FDR correction in the prevalent vs incident TB group comparison.
Weighted Correlation Network Analysis
A weighted correlation network analysis on the nil analyte concentrations (Figure 3 ) demonstrated a cluster of positively-correlated analytes, including IL-2, IFN-γ, and INF-α2 in the control group and, to a lesser extent, in the prevalent TB group, which is absent in the incident TB group. The second cluster identified included CCL3, CCL4, IL-1α, IL-10, and TNF, with varying strengths. While this cluster was present in all 3 groups, it is notable that the correlation between CCL3 and CCL4 was positive only in the incident TB group (Figure 3) . The same analysis on the background-corrected analyte values led to a similar identification of an IL-2 and IFN-γ correlation, but this time in association with CXCL10 instead of IFN-α2 (Supplementary Figure S3 ). This cluster was present in all 3 groups. There was a strong correlation, in the incident TB group only, between INF-γ and INF-α2, which was small and negative in both the control and prevalent TB groups. There were notable negative correlations in the TB incident group, specifically between IL-10 and INF-γ, while a strong positive correlation was seen between IFN-γ and IFN-α2, but was present in this group only.
Predictive Models
Results of predictive model fitting showed the tree-based ensemble models of random forests to be most accurate, although more interpretable models (glmnet) also performed reasonably well by comparison with AUC (Figure 4 , Supplementary Table S5 , and Supplementary Figure S4) . Models using the unstimulated analyte values as input were better able to discriminate between the control and prevalent TB groups (random forest AUC = 0.9, glmnet AUC = 0.7) than models using the background-corrected (Ag-Nil) values. The discrimination between the incident TB and prevalent TB groups was also reasonable (AUC > 0.8); however, the models poorly discriminated between the control and incident TB groups. Model-predicted variable importance scores ranked IL-2 and IFN-γ at or near the top for all comparisons, except the comparison between the control vs incident TB group (Table 4 ). Models using the Ag-Nil values as the input performed poorly by comparison, requiring a large number of analytes to reach an overall lower AUC (max AUC < 0.7 for all models; Table 4 ).
Sensitivity Analyses
There were 4 additional sensitivity analyses. First, we utilized the culture-confirmed TB samples (n = 106 from the 87 prevalent and 19 incident TB patients) in place of the TB-combined group as a comparison group (Table 1) . After FDR adjustment, CXCL10, IFN-γ, IL-2, and TGF-α remained statistically significant in the control vs culture-confirmed comparison of the unstimulated values, while only CXCL10, IFN-γ, and IL-2 did so using the Ag-Nil values (Table 3) . Second, we utilized the subset (n = 181) of individuals randomized to placebo (ie, those that did not receive IPT treatment) to investigate the development of incident TB ( Supplementary Table S3 ). Baseline characteristics in this subgroup were comparable. Out of 334 randomized individuals, 181 (54%) were randomized to placebo; 33 of the 181 (18%) placebo recipients developed incident TB, compared to 18 of the 153 (12%) participants who were randomized to IPT treatment (95% confidence interval for difference, -0.01-0.12; P = .1016). No analytes remained significant after FDR correction. Third, the subset of sputum smear-negative TB-prevalent patients (n = 79, Tables 1 and 3 ) were compared to the controls. After FDR correction, IFN-γ, IL-2, and TGF-α remained statistically significant using the nil analyte values, and CXCL10 and IFN-γ remained significant when using the Ag-nil values. Fourth, based on TB diagnosis time in the incident TB group, split by median time to TB (<=61 weeks, >62 weeks; analyte values are summarized in Supplementary Table S4 ).
DISCUSSION
We evaluated the predictive value of selected analytes as potential biomarkers for HIV-associated TB. This is the first study of P values remaining significant after false-discovery rate adjustment are in bold.
Abbreviations: CCL, chemokine (C-C motif) ligand; CXCL10, C-X-C motif chemokine 10; EGF, epidermal growth factor; IFN, interferon; IL, interleukin; sCD40L, soluble CD40 ligand; TGF-α, transforming growth factor-α; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. this size, nested within a 4-year prospective cohort, using samples collected at the screening stage of a large RCT, that showed that adding IPT to ART reduced the TB incidence in patients with HIV-1 infections [8] . A unique feature of our study is the comparison of 13 biomarkers in the plasma from prevalent and incident TB patients. Novel TB biomarkers, other than IFN-γ, might significantly contribute to the prediction of prevalent TB and improve the multivariate risk prediction for incident TB. Zak et al [12] and Suliman et al [13] successfully identified 6 and 4 gene RNA signatures, respectively, in peripheral blood that can partially predict a progression to TB. While these findings are important, a more applicable predictive tool would be a test based on measuring soluble markers in easily-accessible samples suited for use in primary or secondary healthcare facilities by health care personnel with minimal training.
Recent work has demonstrated that Quantiferon supernatants can be useful in identifying combination biomarkers to diagnose pulmonary TB [14, 15] . Our findings are in keeping with those described by Chegou et al, although with some differences, as their patient population was HIV-uninfected [16] . Significantly different analyte concentrations between groups in the unstimulated samples were seen in CXCL10, IFN-γ, IL-2, and TGF-α, when comparing the control with prevalent TB groups, and also with IFN-α2 when comparing the control with TB-combined groups. The role of CXCL10, with or without IFN-γ, in both adult and paediatric populations, has been highlighted previously [17, 18] . In our analysis, CXCL10 remained statistically significant between both the control and prevalent groups, as well as the incident TB group, after correction for multiple comparisons in background-corrected, antigen-stimulated samples. The finding that unstimulated IL-2 concentrations differentiated prevalent from incident TB samples after correction for statistical comparisons suggests that IL-2 may be an important marker of TB progression and warrants further investigation, although the median concentrations are low. Our predictive model analysis also ranked unstimulated IL-2 (together with IFN-γ) highly for all comparisons, except for control versus incident TB. There is a dynamic relationship between IFN-γ-and IL-2-secreting antigen-specific T cells in patients during and after treatment for TB, reflecting that it is likely driven by antigen load [19] . These findings illustrate that the ability of unstimulated plasma analyte concentrations to better identify TB risks in these HIV-1-infected patients demonstrates underlying inflammatory processes, and higher overall background activation might render them more susceptible to progression to TB.
While our study has strengths, in particular of power, it also has limitations, including the limited number of preselected analytes measured, the lack of an external validation cohort, and the sampling, which relied on sample availability, leading to possible bias (ie, the lack of QFT-indeterminate individuals in the analysis set). The randomization to IPT or placebo also affected the outcome of our investigation, since IPT reduced incident TB, also reducing the ability of biomarkers to predict it in this cohort. Additionally, ongoing TB exposure post-enrollment could have contributed to the inability of these markers to predict incident TB, potentially measuring the baseline plasma Control (Nil) Incident (Nil) Prevalent (Nil) biomarkers that were present prior to the TB exposure and that may have led to active disease. Additional weaknesses include poor predictive performance in the analysis and unbalanced classes, since down-sampling reduces the effective sample size. Classification performance may also be impacted by unmeasured confounding and effect modification, potentially related to the unique setting in South Africa. However, with these limitations in mind, our data, indicating that a combination of plasma biomarkers may be used to detect prevalent TB in HIV-1-infected individuals, is potentially an important finding. It is also interesting that unstimulated analytes performed best, therefore potentially avoiding the need to culture cells or whole blood in vitro. Our findings could pave the way towards further, larger, prospective studies that would evaluate soluble plasma biomarkers that might effectively predict incident TB in HIVinfected patients. 
